The p53 protein is a major mediator of the cellular response to genotoxic stress and is a crucial suppressor of tumor formation. In a variety of organisms, p53 and its paralogs, p63 and p73, each encode multiple protein isoforms through alternative splicing, promoters, and translation start sites. The function of these isoforms in development and disease are still being defined. Here, we evaluate the apoptotic potential of multiple isoforms of the single p53 gene in the genetic model Drosophila melanogaster. Most previous studies have focused on the p53A isoform, but it has been recently shown that a larger p53B isoform can induce apoptosis when overexpressed. It has remained unclear, however, whether one or both isoforms are required for the apoptotic response to genotoxic stress. We show that p53B is a much more potent inducer of apoptosis than p53A when overexpressed. Overexpression of two newly identified short isoforms perturbed development and inhibited the apoptotic response to ionizing radiation. Analysis of physiological protein expression indicated that p53A is the most abundant isoform, and that both p53A and p53B can form a complex and co-localize to sub-nuclear compartments. In contrast to the overexpression results, new isoformspecific loss-of-function mutants indicated that it is the shorter p53A isoform, not full-length p53B, that is the primary mediator of pro-apoptotic gene transcription and apoptosis after ionizing radiation. Together, our data show that it is the shorter p53A isoform that mediates the apoptotic response to DNA damage, and further suggest that p53B and shorter isoforms have specialized functions.
The p53 transcription factor mediates the cellular response to a variety of stresses and is crucial for suppressing tumorigenesis. 1 The genomes of humans and other vertebrates encode two other p53 family members, p63 and p73. 2 Complicating the picture further, all three p53 family members encode a large number of protein isoforms, whose different activities in development and disease are still being defined. 2 Here, we investigate the apoptotic function of multiple protein isoforms encoded by the single p53 family member in the genetic model organism Drosophila melanogaster.
Genotoxic and other stresses activate the p53 protein to induce multiple downstream responses, including DNA repair, cell cycle arrest, cell senescence, and apoptosis. [3] [4] [5] The vertebrate paralogs p63 and p73 not only have unique developmental functions, but also have roles in stress response and tumor suppression that overlap that of p53. [6] [7] [8] [9] All three paralogs primarily act as homotetrameric transcription factors, but also have transcription-independent functions. 4, [10] [11] [12] In recent years, the list of processes that p53 family members regulate has been growing and includes metabolism, autophagy, metastasis, stem cell division, and aging. 2, 13 A current challenge for understanding the function of p53 family members is that they all encode a large number of protein isoforms, a property that is conserved among vertebrates and some invertebrates. 2, 14 The human p53 gene encodes at least 12 different protein isoforms through the use of alternative promoters, splicing, and translation. 15, 16 Fulllength p53 protein contains an N-terminal transcriptional trans-activation domain (TAD), a DNA binding domain (DBD), an oligomerization domain (OD), and a C-terminal domain (CTD). 17 Shorter p53 isoforms that lack all or part of the N-terminal TAD (ΔN isoforms) are expressed at elevated levels in certain cancers where they bind full-length p53 and directly interfere with its function as transcriptional activator. [18] [19] [20] [21] Other p53 isoforms lack sites of covalent modification and protein-protein interaction that alter p53 activation by upstream signals and its downstream target gene specificity. 15, 22, 23 Full-length p63 mediates developmental apoptosis of defective oocytes and prevents cancer metastasis, whereas shorter isoforms have essential developmental functions in the maintenance and proliferation of stem cells in several tissues. 8, 9, [24] [25] [26] [27] [28] [29] [30] [31] The p73 gene encodes over 14 protein isoforms. 2 Full-length p73 regulates neuronal stem cell maintenance, metabolism, spermatogenesis, cell cycle arrest, and apoptosis, whereas recent evidence suggests that elevated expression of short p73 isoforms contributes to several types of cancer. 32, 33 The current data support that differential expression of p53, p63, and p73 isoforms in different developing tissues and tumors have important functional consequences, but the understanding of these complex interactions is far from complete.
Drosophila melanogaster has a single p53 family member, which is more similar to p53 than p63/73 in that it lacks the C-terminal sterile alpha motif (SAM) that the p63/p73 paralogs contain. 7, [34] [35] [36] [37] Since the initial description of Drosophila p53, most investigations into its function have focused on a single 44 kD protein isoform, but expression of a 56 kD isoform has also been described. 15, 34, 35, 38 The current genome annotation based on deep RNA sequencing predicts four mRNA isoforms (A, B, C, and E) and three proteins, with transcript A and C encoding the same well-characterized 44 kD protein 39, 40 ( Figure 1a) . The well-studied p53A isoform is also known as ΔNp53 because it is 110 amino acid (AA) shorter in its N-terminal TAD than the longest 56 kD p53B isoform (Figure 1a) . 16, 41 Previous evidence indicated that p53B can induce apoptosis when overexpressed, but the normal physiological function of p53B has not been evaluated. 41, 42 Two shorter isoforms have also been predicted by RNA-Seq. The p53E mRNA isoform appeared in the annotated genome in the year 2014 and predicts a 334 AA (~38 kD) protein (Figures 1a and b) . Translation of p53E is predicted to start at the first ATG in its unique exon 8, resulting in a unique 10 AA N-terminus, while the rest of the protein is identical to p53A and p53B isoforms and includes the DNA binding and oligomerization domains. This new p53E prediction supplanted a previous RNA-Seq prediction called p53D that had an additional two nucleotides at the junction of its first and second exon (exons 8-9), which put translation from the first ATG out of frame with the other isoforms ( Figure 1a) . Translation of p53D, therefore, was proposed to start at a downstream ATG in the common exon 9, in frame with the other isoforms and predicting a 318 AA (~36 kD) protein (Figures 1a and b) . Thus, it appears that the Drosophila p53 gene, like its human ortholog, encodes multiple isoforms, but their functions have not been fully defined. Here, we investigate the ability of these Drosophila p53 isoforms to regulate apoptosis.
Results
All p53 isoforms disrupt development when overexpressed. We sought to determine whether different p53 isoforms participate in apoptosis. Extant p53 loss-of function alleles cannot be used to address this question because they disrupt multiple isoforms (Figure 1a) . [43] [44] [45] We therefore began with an overexpression approach, using the GAL4/ UAS system to evaluate in parallel the ability of the A, B, E, and D protein isoforms to induce apoptosis when overexpressed in a variety of tissues. To construct these transgenes, PCR products that spanned the start to stop codons in the cDNAs were tagged on the N-terminus with six Myc epitope tags, fused to the UAS promoter, and inserted into flies at the same attP genomic docking site using phiC31 transformation.
We first expressed the p53 isoform transgenes ubiquitously from early in development using an Actin5C:GAL4 driver, Figure 1 Predicted p53 mRNA and protein isoforms. (a) The schematic of the current p53 gene annotation from Flybase predicts multiple RNA transcripts (left) and protein isoforms (right). Exons are boxes, with predicted ORFs in orange and 5′ or 3′ UTRs in black. Below are the molecular lesions in two extant null mutants that disrupt all isoforms. To right are shown predicted protein isoform sizes and structures of transcriptional transactivation domains (TAD), DNA binding domain (DBD), and oligomerization domain (OD) (b) Predicted 5′ of mRNA and protein coding of p53D and p53E in exon 8 and part of exon 9. The two nucleotides that differ between the p53D and p53E exon junction are shown in red. Predicted ATG start codons and methionines for each isoform are shown in red. AAs in blue are present in p53E but not p53D. Alignment with the coding regions of the other isoforms begins with the glutamine (Q) at the 5′ end of exon 9 which resulted in 100% lethality before adulthood for each isoform, indicating that they are all biologically active (Table 1) . To examine the effect on development further, we used GMR: GAL4 to induce expression posterior to the morphogenetic furrow of the larval eye disc and examined the morphology of adult eyes. 46 GMR:GAL4 /+ was used as a negative control because it has been shown that this GAL4 driver alone can cause apoptosis and a rough eye phenotype dependent on gene dosage and temperature. However, at 21°C, heterozygous GMR:GAL4 /+ adult flies had a normal adult eye morphology (Figure 2a) . In contrast, GMR:GAL4 /+; UAS:6X-Myc-p53A /+ flies had rough eyes with fused and irregular rows of ommatidia and bristles, consistent with previous reports for overexpressed p53A from P element transgenes (Figure 2b) . 35, 47 Expression of UAS:6XMyc-p53B resulted in a much more severe phenotype, with a complete absence of eyes in all adults (Figure 2c ). Expression of UAS:6XMyc-p53D and UAS:6XMyc-p53E also resulted in an adult rough eye phenotype, although UAS:6XMyc-p53D was slightly less severe than UAS:6XMyc-p53E (Figures 2d and e) ( Table 1) .
To determine whether GMR:GAL4-driven expression of the p53 isoforms induced apoptosis, we labeled larval eye discs with antibodies against the cleaved Drosophila Caspase called Dcp-1. 48 These animals also contained a UAS:GFP transgene that reported GMR:GAL4-driven expression in cells behind the morphogenetic furrow (Figure 2a' ). Consistent with previous reports, the GMR:GAL4/+ alone control did have somewhat more cleaved Dcp-1 labeled cells than wild type, although the presence of apoptotic cells was variable among eye discs (Figure 2a' ). Expression of p53A and p53B isoforms resulted in an increase in the number of Dcp-1-labeled cells behind the morphogenetic furrow, with p53B clearly inducing the most apoptotic cells (Figures 2a'-c' ). p53B overexpression also resulted in the greatest fluorescent intensity of cleaved Dcp-1 labeling per cell, and these cells were closer behind the morphogenetic furrow, suggesting that p53B is the strongest and most rapid inducer of Caspase cleavage (Figure 2c' ). The eye discs overexpressing p53D and p53E also had apoptotic cells behind the furrow, but it was unclear whether there was a significant increase relative to the variable level of apoptosis caused by GMR:GAL4 alone (Figures 2d' and e'). Similar results were obtained with GAL4-driven expression in other tissues, with p53B expression always resulting in the most apoptotic cells (Table 1) . 42 Overexpression of p53A or p53B induces apoptosis in ovarian follicle cells. To quantify the apoptotic potential of p53 isoforms, we overexpressed them in the adult ovary using hsp70:GAL4, a GAL4 driver that does not induce cell Figure 2 Overexpression of p53 isoforms perturbs eye development. (a-e) Adult eye morphology in control (GMR:GAL4 /+; UAS:GFP /+) (a) or GMR:GAL4 /+; UAS:GFP / UAS:Myc:p53 of the indicated isoform (b-e). (a'-e') Third instar eye discs from the same strains labeled with anti-cleaved Dcp-1 (Casp, red) and anti-GFP (green), which reports GMR:GAL4-driven expression behind the morphogenetic furrow. Flies were raised at 21°C. Posterior is to the right for all images. Scale bars are 30 μm in a'-e' death on its own in the somatic follicle cells during stages 1-6 of oogenesis (Figures 3a and f) . We induced expression with a 30-min heat pulse and measured apoptosis 6 h later by labeling for cleaved Dcp-1. Both wild-type and hsp70: GAL4 alone had a few DCP-1-positive polar follicle cells, which undergo developmental cell death before stage 6 (Figures 3a and f) . 49 Expression of p53A or p53B isoforms resulted in a significant increase in the number of apoptotic cells, with overexpression of p53B again having the strongest effect, whereas p53D and p53E did not induce apoptosis significantly (Figures 3b-f ). Co-labeling for the Myc epitope tag indicated that all the isoforms were highly expressed and concentrated in a subnuclear compartment adjacent to the heterochromatic chromocenter (Figures 3b-e) . These results further suggest that the p53A and p53B isoforms can induce apoptosis when overexpressed, with the longest p53B isoform being the most potent.
Overexpression of p53B stimulates, and short isoforms inhibit, the apoptotic response to ionizing radiation. In vertebrates, shorter p53 isoforms can inhibit the apoptotic response to genotoxic stress. 2, 16 We therefore assessed whether the overexpression of p53 isoforms altered the apoptotic response of ovarian follicle cells to ionizing radiation (IR). Isoform expression was induced using hsp70:GAL4 at time zero, adult females were irradiated with 4000 rads of gamma rays 2 h later, and ovaries labeled for cleaved Dcp-1 at 6 h after p53 expression as before.
The number of apoptotic cells was greater in irradiated ovaries that expressed p53A or p53B versus irradiation alone, but only significant for p53B (Figures 4a-c, and f) . In contrast, overexpression of the short isoforms p53D and p53E significantly reduced the number of apoptotic follicle cells after irradiation (Figures 4a and d-f) . These results suggest that overexpression of the potent p53B can increase apoptosis after irradiation, whereas the shorter isoforms inhibit the apoptotic response.
p53A is the most abundant protein isoform in larval imaginal disc and brain. We next evaluated the physiological expression and function of different isoforms. We first examined the protein expression levels of p53 protein isoforms by western blotting using an antibody raised against the human p53 C-terminus, which is conserved in all Drosophila isoforms. 41, 42 Western blotting of wild-type larval brain and imaginal disc (B-D) extracts revealed an~48 kDa band, close to the predicted size of the 43.7 kDa p53A protein isoform, that was not detected in extracts from p53 5A-1-4 null mutants, consistent with previous results from our lab and others ( Figure 5a, lanes 1, 2) . 16, 41, 42 The predicted p53B (55.6 kDa) and p53D/E (~36-38 kDa) isoforms were not detected, although all lanes had a non-specific 72 kDa band (Figure 5a ).
To investigate p53 isoform expression further, we used BAC recombineering to tag p53 with fluorescent proteins (Figure 5b , Table 2 ). We previously described two fly strains transformed with a wild-type~24 kb p53 genomic BAC clone and a derivative in which mCherry was fused to the common C-terminus of all the isoforms (p53-Ch). 42, 50 This BAC clone contains~17 kb 5′ and~3 kb 3′ of the p53 transcription unit and is expressed under control of the normal p53 regulatory regions, and both BACs were transformed into the same attP docking site using phiC31 transformation. Our previous results indicated that both the wild-type and the p53-Ch BAC rescued the defective apoptotic response of p53 5A-1-4 and p53
11-1B-1 null alleles. 42 Western blotting of extracts from the p53-Ch; p53 5A-1-4 strain with p53 antibodies revealed an abundant protein at~72 kDa, consistent with the predicted size of a p53A-mCherry fusion protein (Figure 5a) .
We next used BAC recombineering to tag the major p53A and p53B isoforms individually on their N-termini. In two different BACs, p53A was tagged on its N-terminus with GFP, with or without triple stop codons in the p53A unique 5′ exon (GFP-p53A and GFP-p53ASTOP) (Figure 5b ). In two other BACs, p53B was tagged on its N-terminus with mCherry, with or without triple stop codons in the p53B unique 5′ exon (Chp53B and Ch-p53BSTOP) (Figure 5b ). It is important to note that each of these BACs potentially expresses the other, untagged, wild-type isoforms (Table 2 ). Similar to the C-terminal fusions, anti-p53 western analysis of the GFPp53A; p53 5A-1-4 strain revealed a single~72 kDa band, which was absent from the GFP-p53ASTOP; p53 5A-1-4 strain, confirming that this band indeed represents the tagged p53A isoform (Figure 5a, lane 4, 5) . Analysis of the Ch-p53B; p53 5A-1-4 strain revealed a faint~85 kDa band, consistent with the predicted size of the mCherry-p53B fusion protein, which was not detected in the Ch-p53BSTOP; p53 5A-1-4 extracts (Figure 5a, lanes 6-7) . In both Ch-p53B; p53 5A-1-4
and Ch-p53BSTOP; p53 5A-1-4 , the p53 antibody detected a 48-kDa band that was similar in size and abundance to p53A in wild-type flies, confirming that these p53B-recombineered BACs express wild-type p53A (Figure 5a, lanes 2, 6, and 7) . In summary, these results indicate that p53A is the most abundant protein isoform in larval brain and imaginal discs.
GFP-p53A and Ch-p53B localize to nuclear compartments. We used the GFP-p53A and Ch-p53B trangenes to determine whether these isoforms have similar cellular locations. Both GFP-p53A; p53 5A-1-4 and Ch-p53B; p53
were concentrated into one to two distinct nuclear compartments (Figures 5c-d') . However, Ch-p53B expression was only detected in small patches of imaginal disc cells, suggesting that the overall low level of this isoform measured by western blotting is in part due to its variegated expression. The focal labeling of Ch-p53B and GFP-p53A was often adjacent to the nuclear envelope and in close proximity to the DAPI-bright chromocenter, similar to that observed after antiMyc labeling of the p53 isoform overexpression strains (Figures 3 and 4) .
Some p53 complexes contain both p53A and p53B. Similar to mammalian p53, evidence suggests that the active Drosophila p53 transcription factor complex is a tetramer. 36, [51] [52] [53] [54] We used the fluorescently tagged isoforms to examine whether some complexes contain both p53A and p53B. Larval brain and imaginal disc extracts were made from strains containing both the GFP-p53A and mCh-p53B BAC transgenes, GFP-p53A was immunoprecipitated (IP) with a highly efficient single chain nanobody against GFP, followed by western blotting with p53 antibodies. 55 The results indicated that Ch-p53B co-IPs with GFP-p53A only from strains that express both fusions (Figure 5e ). These results suggest that some p53 complexes contain both p53A and p53B isoform subunits. Note that the isoform-specific mutant BACs still encode the other wild type, untagged isoforms (see Table 2 ). (c-d') GFP-p53A and Ch-p53B are concentrated in a nuclear compartment near the heterochromatic chromocenter. (c-c') GFP-p53A fluorescence (green) and DAPI labeling (blue) of third instar wing disc. (d-d') Ch-p53B mCherry fluorescence (red) and DAPI labeling (blue) of third instar wing disc. One chromocenter is indicated by an arrowhead in the insets of c' and d'. Scale bars are 10 μm in panels and higher magnification insets. (e) GFP-p53A protein associates with Ch-p53B. GFP-nanobody IP from third instar B-D extract of the indicated genotypes followed by western blotting with anti-p53. Lane 1-3 from a GFP-p53A / Ch-p53B; p53 5A-1-4 strain. Lane 1: whole cell extract (WCL), Lane 2: supernatant after IP depletion (SUPE), Lane 3: GFP IP pellet. Lane 4: Control GFP-IP pellet from a Ch-p53B; p53 5A-1-4 strain without GFP-p53A. Lane 5: Control GFP-IP from a GFP-p53A/+; p53 5A-1-4 without Ch-p53B BACs with specific isoforms tagged on their unique N-terminus with mCherry (Ch-p53B) or Green Fluorescent Protein (GFP-p53A). Role of p53 isoforms in apoptosis B Zhang et al p53A is required for apoptosis and apoptotic gene expression in response to IR. The data indicated that p53A or p53B can induce apoptosis when overexpressed, with p53B clearly being the most potent inducer of apoptosis. It remained unknown, however, which p53 isoforms are required for the apoptotic response to DNA damage. To address this question, we determined whether the isoformspecific mutant BACs could rescue the apoptotic response of p53-null mutants. Within 4 h after irradiation, the imaginal discs of larvae homozygous for the null allele p53 5A-1-4 had very few cells labeled with anti-cleaved Caspase compared with wild type, consistent with previous reports that apoptosis at this early time point is largely dependent on p53 (Figures 6a-c) . 34, 35, 38, 56 The wild-type p53 BAC or the Chp53BSTOP (encodes p53A, C, and D/E) rescued the apoptotic response of the p53 5A-1-4 mutant (Figures 6d and e, Table 2 ). In contrast, GFP-p53ASTOP (encodes p53B, C, and D/E) failed to rescue (Figure 6f , Table 2 ). These results suggest that p53A is the isoform that is primarily required for the apoptotic response to DNA damage.
To examine which p53 isoforms are required to induce proapoptotic gene transcription after IR, we used a promoter reporter for the pro-apoptotic gene hid, (hid-GFP), which contains 2.2 kb of the hid promoter including a p53 response element (p53RE). 42, 57, 58 Within 4 h after IR, hid-GFP expression was induced in larval imaginal discs of wild-type, but not p53 mutant, animals consistent with previous reports (Figures 7a and b) . 57, 58 The Ch-p53BSTOP (encodes p53A, C, D/E) but not GFP-p53ASTOP (encodes p53B, C, D/E) rescued induction of hid-GFP expression in the p53 null strain, consistent with the results of the cleaved Caspase labeling that p53A is required for the early apoptotic response to radiation (Figures 7c and d) .
We next used RT-qPCR to examine the ability of different p53 isoforms to induce expression of the endogenous proapoptotic genes. Within 1.5 h of IR, the levels of reaper (rpr) and hid mRNA in imaginal discs increased about three-to fourfold in the p53 wild type but not p53 mutant animals, consistent with previous results (Figure 7e) . 42, 59, 60 The Chp53BSTOP; p53 5A-1-4 strain (encodes p53A, C, D/E) induced rpr and hid transcription after IR to levels comparable with p53 wild-type strains, whereas the level of transcription in the GFPp53ASTOP; p53 5A-1-4 strain (encodes p53B, C, D/E) was indistinguishable from that in the p53 5A-1-4 null mutant (Figure 7e ). Together, these data strongly suggest that it is the p53A isoform that is primarily required for the apoptotic response to DNA damage.
Discussion
We have investigated the apoptotic function of Drosophila p53 protein isoforms. Our results indicate that overexpression of any of the p53 isoforms perturbs development in multiple tissues. Overexpression of p53A or p53B both induced apoptosis, whereas the shorter isoforms p53D and p53E inhibited the apoptotic response to IR. Although p53B is a much stronger inducer of apoptosis when overexpressed, under physiological conditions, the p53A protein isoform is the most abundant and is the one required for the apoptotic response to ionizing irradiation. The overexpression and loss of function data together suggest that the potent p53B and shorter isoforms may have specialized functions that have yet to be defined. In a broader context, our results have provided a framework for understanding the function and evolution of isoforms in the ancient and complex p53 family.
The full-length p53B isoform was by far the most potent inducer of apoptosis when overexpressed, and in vertebrates, it is the full-length p53 isoform that is primarily responsible for the apoptotic response to genotoxic stress. These observations predicted that p53B would be required for apoptosis. Surprisingly, however, our loss-of-function data clearly indicate that it is the p53A isoform that is required for the activation Table 2 . Scale bars are 100 μm of transcription and apoptosis in response to IR. One explanation suggested by our data is that p53B is simply not expressed at high enough levels in most cells to mediate the apoptotic response. Indeed, keeping p53B in check may be crucial to restrain this potent inducer of apoptosis in the absence of stress. ModEncode RNA-Seq data and our previous analyses indicate that the higher levels of p53A protein relative to p53B and p53D/E is in part attributable to different levels of transcription of these isoforms from their dedicated promoters. 39, 42 It is possible, however, that in specific cell types p53B is expressed at higher levels and plays a more prominent role in stress response. The p53B isoform may also participate in other processes that Drosophila p53 has been implicated in, which include the culling of primordial germ cells, meiotic checkpoints, DNA repair, stem cell divisions, and tissue regeneration. 41, [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] Our results indicate that p53A and p53B localize to nuclear bodies and physically associate, an interaction that is likely direct through the conserved p53 oligomerization domain. Therefore, p53 tetramers may be heterogeneous and have different ratios of p53A and p53B subunits. Tetramers composed of all p53A subunits are likely the predominant form in most cells because p53A is the most highly expressed isoform. One possibility is that tetramers with different ratios of p53A and p53B have different strengths of transcriptional activation and perhaps collaborate with different co-factors to activate different target genes.
Although overexpression of the shortest isoforms, p53D and p53E, resulted in organismal lethality and perturbed eye development, there was no evidence that they induced apoptosis. On the contrary, the data support that these short isoforms are capable of inhibiting the apoptotic response to IR. This behavior is analogous to the ability of short isoforms of the p53, p63, and p73 genes in mammals and other organisms to inhibit apoptosis. 2 It is important to note, however, that our current evidence is based on overexpression, and in which physiological context p53D or p53E may regulate apoptosis or other processes awaits further analysis.
Our data reveal striking similarities and differences between Drosophila and human p53 isoforms. While the longest Drosophila isoform p53B is most similar in size and structure to the full-length human p53 protein, the 110 AA shorter p53A is structurally more similar to the human p53Δ40 or p53Δ133 isoforms which are truncated for the N-terminal 40 AA and 133 AA, respectively. 15, 16 The human p53Δ40 protein retains part of the N-terminal TAD and can promote transcription of p53 target genes, whereas p53Δ133 lacks this domain and is primarily an inhibitor of the full-length p53 protein. 16, 70, 71 In contrast, our data in Drosophila indicate that it is the N-terminally truncated p53A that mediates the apoptotic response to IR. Sequence analysis suggests that the N-terminus of p53A has a short TAD, and, therefore, is structurally similar to human p53Δ40 in that it contains one of the two bipartite TADs encoded by full-length p53B (Figure 1a) . Functionally, however, p53A is more like full- length human p53 in that it is the isoform that is primarily required for pro-apoptotic gene transcription and the apoptotic response to genotoxic stress in most tissues. The shorter p53D and p53E isoforms are functionally more analogous to p53Δ133 in that they inhibit apoptosis. Thus, although the theme of multiple p53 isoforms has been conserved between humans and Drosophila, there is variation in the division of labor among isoforms in these two organisms. The different isoforms of the sole p53 gene in Drosophila may subsume the different functions of its vertebrate orthologs p53, p63, and p73 in stress response and development.
The p53 gene family is ancient with orthologs found in the genomes of phylogenetically diverse eukaryotes, including the single-celled Choanozoans, a paraphyletic group that is thought to have given rise to multicellular animals.
14 The structure and function of the many p53, p63, and p73 isoforms has been intensively investigated in human, zebrafish, and mouse, but much less is known about protein isoform structure and function in other organisms. 16 Drosophila p53 is more similar to human p53 in that it lacks the SAM protein-interaction domain found in the C-terminus of p63 and p73. 7, [34] [35] [36] [37] Orthologs in many invertebrates, including ciliates, contain a SAM domain, suggesting that the p63 paralogs represent an ancestral form. 7, 36, 37 Each of the orthologs in Molluscs and some Arachnids also encode multiple protein isoforms, suggesting that this property is an ancient attribute of the p53 gene family.
14 Determining whether p53 family members in other organisms encode multiple protein isoforms, and how these isoforms regulate different processes, will provide further insight into the evolution and function of the p53 family.
Materials and Methods Drosophila genetics. Fly strains were raised at 25°C prior to and during experimental procedures unless otherwise noted. Most fly strains were obtained from the Bloomington Drosophila Stock Center (BDSC, Bloomington, IN, USA). The hid-GFP fly strain was kindly provided by W. Du. A y w 67c23 strain was used as controls.
Construction of GAL4-inducible p53 transgenes. For construction of all the GAL4-inducible p53 isoforms, cDNAs were used as templates to generate PCR products spanning the start to stop codons of the open reading frame, tagged on the N-terminus with six copies of Myc, and cloned into the C31 transformation vector pUAST-w + -attB. All transgenes were transformed into the attP docking site at 65B2 (strain 24871) by Rainbow Transgenics (Camarillo, CA, USA).
BAC recombineering. The parental wild-type BAC was CH322-178C12 from the P[acman] library and the derivative p53-Ch was tagged with mCherry on the C-terminus common to all the isoforms and has been described previously. 42, 50, 72 The same parental BAC was used to create GFP-p53A and Ch-p53B which were tagged on their unique N-termini. For isoform-specific mutants, triple stop codons were introduced at the beginning of the open reading frames unique to GFP-p53A and Ch-p53B. All BACs were transformed into attP docking sites at cytogenetic position 22A3 (strain 24872).
Immunoblotting and nanobody IP. Protein extracts were prepared from hand-dissected tissues of mid-late third instar larvae by standard methods using RIPA buffer. 73 Mouse anti-α-tubulin was used as loading control. Western blotting was performed as previously described. 74, 75 Antibody dilutions are: mouse anti p53 (C11, Santa Cruz, Dallas, TX, USA) 1 : 500, mouse anti-α-tubulin (clone DM1A, Sigma-Aldrich Corp., St. Louis, MO, USA) 1 : 5000, and anti-mouse secondary antibody, peroxidase labeled (KPL, Gaithersburg, MD, USA) at 1 : 5000.
For GFP nanobody IP, 55 tissues were lysed in the following buffer: 25 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Nonidet-P40, 5% glycerol. A total of 10-15 μl of Chromotek-GFP-Trap beads (Planegg-Martinsried, Germany) were added to the protein extracts and incubated for 2 h at 4°C and precipitated by brief centrifugation. SDS-PAGE sample buffer was added to the washed beads.
Immunohistochemistry. Mid-late third instar larvae and ovaries were dissected in either 1 × PBS or Grace's solution, and fixed in 6% formaldehyde as previously described, 76, 77 and immunolabeled using either anti-cleavedCaspase-3, 1 : 50 (Cell Signaling, Danvers, MA, USA) or anti-cleaved DCP-1 antibody, 1 : 100 (Cell Signaling). Secondary antibodies were anti-rabbit Alexa 488 and anti-mouse Alexa 568 at 1 : 500 dilutions, and DNA was counterstained with DAPI. Wide-field micrographs in Figures 2, 5 , 6 and 7 were taken on a Leica (Buffalo Grove, IL, USA) DMRA2 and analyzed using OpenLab (Improvision, Waltham, MA, USA) software. Confocal micrographs in Figures 3 and 4 were captured on a Leica SP5 confocal.
Gamma irradiation. For the experiments of Figure 4 , females with hsp70: GAL4 and UAS:p53 transgenes were heat-treated at 37°C for 30 min, and then irradiated with a total of 4000 rad (40 Gy) of gamma rays 2 h later. The ovaries of these females were dissected and labeled for DCP-1, 4 h after irradiation, corresponding to 6 h after heat induction. For Figure 7 , larvae were irradiated and RNA prepared 1.5 h later, or labeled with anti-cleaved-Caspase-3 antibody 4 h later.
RNA isolation and real-time qPCR. Total RNA was isolated from handdissected tissues (~20 larvae per sample) using TRIzol (15596-026, Invitrogen, Grand Island, NY, USA). RNA (1 μg) from each sample was reverse-transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. qPCR analysis was done on a Stratagene (Santa Clara, CA, USA) Mx3005P machine with SYBR Green Master Mix (600843; Agilent, Santa Clara, CA, USA). For mRNA quantification, Act 5C was used as a reference gene to calculate the relative expression (fold difference). PCR primer sequences are available upon request.
